Introduction {#Sec1}
============

Fish and fishery products are valuable sources of proteins and essential nutrients, and they provide human health benefits and facilitate environmental sustainability^[@CR1]--[@CR3]^. Global fish production from aquaculture has increased over the past few decades, while that from capture fisheries has decreased slightly^[@CR4]--[@CR6]^. Aquaculture has the potential to produce substantial amounts of fish in the future to support increases in human population size. In addition, aquaculture also allows suitable responses to customer demands, such as improved safety and quality. According to an FAO report, more than 50% of food fish consumed globally will eventually be produced by aquaculture^[@CR7]^, and aquaculture is now the main source of increased fish supplies. Feed is one of the largest production costs associated with aquaculture, and the price of fishmeal is predicted to increase as aquaculture expands worldwide. Therefore, feed efficiency improvement is required, and feeding concerns will be major factors limiting aquaculture development.

Feed efficiency is inextricably linked to the metabolic and biorhythmic characteristics of the cultured fish; thus, to better understand the fundamental mechanisms of metabolic and biorhythmic processes in aquaculture, we focused on global analyses based on gene expression and metabolic and biorhythmic dynamics (Fig. [1](#Fig1){ref-type="fig"}). Trans-omics approaches^[@CR8]^, including the integration of transcriptome and metabolome analyses, inform the comprehensive data network of genes and metabolites^[@CR9]--[@CR16]^. The combination of these high-throughput technologies revealed holistic and multidimensional information associated with various functions and pathways.Figure 1Schematic diagram of this study. Transcriptome analysis by next-generation sequencing and metabolome analysis by NMR were conducted. Leopard coral grouper were reared in fasting for 2 days and sequentially in feeding for 2 days. Samples were collected periodically. Time is showed in Zeitgeber time (ZT). Correlation based integrated analysis revealed that genes and metabolites contributed to the circadian rhythm and the energy-yielding nutrients condition. Currently, excess amount of energy derived from excess amount of feeding is stored in the muscle and vesicle fat. Our metabolic profile data in the consideration of circadian rhythm would help for improvement of feeding techniques by finding out the efficient time and the amount of feeding. Fishes were drawn using the free software GIMP (<https://www.gimp.org>) based on the photograph taken by Miyuki Mekuchi. NGS and NMR were drawn by Kenji Sakata.

The leopard coral grouper, *Plectropomus leopardus*, has recently become an important commercial species worldwide and is currently trading at a high price^[@CR17]^. As increasing demands, supply of farmed fish has been required. Aquaculture technology associated with leopard coral groupers has been developed; however, there are still differences between wild and artificial fish (Fig. [S1](#MOESM1){ref-type="media"}). Aquaculture technology needs to be improved in the areas of feed efficiency and metabolic control. Digestion and absorption have been studied in select species over the past two to three decades. However, metabolic mechanisms differ among species, and to our knowledge, there are no current reports about this trait in grouper species. Recently developed analysis-based techniques allow the execution of comprehensive studies of metabolic mechanisms. Our purpose of this study is to understanding the metabolic mechanisms of the leopard coral grouper muscles, which are known to be sites of gluconeogenesis^[@CR18]^. This study is a data-driven approach and the scheme is shown in Figure [S2](#MOESM1){ref-type="media"}. Our metabolic profile data in the consideration of circadian rhythm would help developing feeding technology.

Results {#Sec2}
=======

*De novo* transcriptome assembly of leopard coral grouper muscle tissues {#Sec3}
------------------------------------------------------------------------

The results of the transcriptomic analysis were used to describe responses to feed intake and associated circadian rhythm characteristics. The constructed cDNA libraries from leopard coral grouper muscle samples were sequenced using an Illumina NextSeq 500. An average of approximately 7.9 million sequence reads was obtained from each individual sample. For de novo assembling, 331 million reads were initially subjected to trimming for the removal of low quality and ambiguous nucleotides. Clean reads (328.6 million reads) were left and used for *de novo* assembling by CLC Genomics Workbench 8.1. (<https://www.qiagenbioinformatics.com/>). The *de novo* assembly contained 86,790 contigs that were greater than 200 bp. To identify putative functions, the 86,790 contigs were aligned to the Ensembl zebrafish protein database using BLASTX. The BLASTX results were sorted based on the zebrafish protein ID, and several contigs shared the same ID. Therefore, the contig sequences with the highest e-values were selected as representatives. A total of 19,737 selected contigs were selected as reference sequences to calculate the reads per kilobase of exon model per million mapped reads (RPKM) expression values. RPKM values were used to establish the total number of genes expressed in the muscle transcriptome, and 80% of the reads were mapped to the reference contigs. For further differential expression analyses, only transcripts with a normalised RPKM \> 5 for each sample were considered. Selected genes from the Figure [S5](#MOESM1){ref-type="media"} were analysed by quantitative PCR to validate RNA-seq (Fig. [S6](#MOESM1){ref-type="media"}). The mRNA expression pattern obtained using quantitative PCR showed the same tendency to RNA-seq data. Overall, the highest mRNA expression levels in the leopard coral grouper muscle were associated with myosin, followed by parvalbumin, actin, tropomyosin and creatine kinase, muscle type (Table [S1](#MOESM2){ref-type="media"}).

Gene ontology and hierarchical clustering analysis {#Sec4}
--------------------------------------------------

Gene ontology (GO) terms were assigned, and 13,960 contigs were categorised based on associated biological processes, molecular functions, and cellular components. Molecular function terms represent the biochemical activities. The major categories in molecular function were catalytic activity (36.1%) and binding (35.4%) (Fig. [S3A](#MOESM1){ref-type="media"}), Biological process terms is defined as the biological goals that the gene or gene product contributes. In this category, genes contributed to cellular process were 41.7% and metabolic process were 34.6% (Fig. [S3B](#MOESM1){ref-type="media"}). Cellular component refers to locations that a gene product is active. 38.4% of genes were localized in cell part, 22.3% were in organelle, 17.2% were in membrane (Fig. [S3C](#MOESM1){ref-type="media"}).

A cluster heat map was constructed to characterise the data and to provide useful insight into the mRNA expression dynamics. For hierarchical clustering analyses (HCA), the Euclidean distance was utilised to measure the distance, and clustering was conducted using the complete linkage analysis method. The results of the HCA confirmed several clusters, and distinct dynamic patterns that varied with short-term fasting were observed (Fig. [2A](#Fig2){ref-type="fig"}). Transcripts belonging to these clusters were selected, and gene ontology analyses were subsequently performed (Table [S2](#MOESM1){ref-type="media"}). The three selected clusters in the heat map corresponded to the following: (Cluster 1) low expression levels during the fasting stage; (Cluster 2) upregulated expression levels during the early fasting stage; and (Cluster 3) upregulated expression levels during the late fasting condition. Regarding metabolism, the proportion of carbohydrate and cellular amino acid metabolism characteristics differed among clusters (Fig. [S4A--C](#MOESM1){ref-type="media"}). The results of Clusters 2 and 3 were similar to those of Cluster 1, and the tricarboxylic amino acid cycle category was only detected in Cluster 1.Figure 2Transcriptome analysis in fish muscle. (**A**) Heat map with hierarchical clustering analysis. First day of experiment without feeding (NF1), second day without feeding (NF2), third day with feeding (F3), fourth day with feeding (F4). ZT stands for Zeitgeber time. Red column showed the levels of expression were high, on the other hand, blue showed the levels were low. The result of clustering analysis was illustrated by tree-like categorizations, which exhibited the organizing information regarding the similarity. Three distinct clusters were identified; the levels of expression were low in fasting (cluster 1), high in late fasting (cluster 2), high in early fasting (cluster 3). (**B**) The clusterisation of feeding and fasting by PCA analysis. PCA analysis displayed the difference between fasting and feeding. The graph was constructed using PC1 and PC3. The highest levels of nutrient depletion (NF2 and F3 ZT2-3) were located on the positive side of PC1. (**C**) The result of PCA analysis using PC2 and PC4. Morning cluster was located on PC2 positive side; on the other hand, night clusters were located on the negative side of PC2.

Sample profiling using a principal components analysis {#Sec5}
------------------------------------------------------

A principal components analysis (PCA) was performed in order to compare the profiles of the sequenced transcripts, and the data were projected to PC1 and PC3 (Fig. [2B](#Fig2){ref-type="fig"}). We identified the following four subpopulations based on differences in time-course dependence: fasting day 1 (negative side of PC1); fasting day 2 (positive side of PC1); feeding day 1 (positive side of PC3); and feeding day 2 (negative side of PC1). The fasting stage represented the stage with the highest levels of nutrient depletion (NF2 and F3 ZT2-3), and it was clearly distinguished based on its location on the positive side of PC1. Regarding PC2 and PC4, we identified clusters that were dependent on the time of the day (Fig. [2C](#Fig2){ref-type="fig"}). For instance, the morning cluster (ZT2) was located on the positive side of PC2, but the night cluster (ZT14) was located on the opposite side of the morning cluster. Moreover, the midnight cluster was located on the positive side of PC4, and the daytime cluster was located on the opposite side of the midnight cluster. PC1 accounted for 13.5% of the variation, and PC2, PC3, and PC4 accounted for 9.9%, 7.1%, and 6.5% of the variation, respectively.

Gene expression comparisons {#Sec6}
---------------------------

### Circadian rhythm {#Sec7}

Sequential expression pattern were analysed. Initially, the dynamics of the molecular core clock were examined^[@CR19]^. In leopard coral grouper muscle, four period circadian clock (*per*) mRNAs were found to be expressed. The gene expression patterns of *per1b* and *per3* exhibited circadian rhythms (Fig. [S5](#MOESM1){ref-type="media"}); however, *per1a* and *per2* did not show a rhythmic pattern and their levels of gene expression were considerably lower than those of *per1b* and *per3*. Cryptochrome circadian clock (*cry*) also contained four genes; *cry1aa*, *cry1ab*, *cry1ba*, and *cry2*. All four genes exhibited circadian rhythms. Clock circadian regulator (*clock*) had two kinds of genes. *Clocka* showed a circadian pattern, while the expression level of *clockb* was considerably lower. CLOCK-interacting pacemaker (*cipc*) was also found to exhibit 24-h rhythms. Since circadian rhythm is known to involve growth hormone expression^[@CR20]^, we examined the expression pattern of growth hormone-related genes. The growth hormone receptor (*ghr*) a and b showed circadian patterns. *Per1b*, *per3*, *cry1ab*, and *cry2* were found to have high expression in the morning (ZT2). The expression of *cry1aa* was high during the day (ZT6). *Cry1ba* and *clocka* expression was high in the afternoon (ZT10). The expression of *cipc* was high at night (ZT14-22). We further analysed the gene expression pattern of all transcripts displaying the same patterns as the circadian-patterned genes. The results are shown in Figure [S5](#MOESM1){ref-type="media"}. Several muscle protein-related genes were found to have identical expression patterns to those of the circadian core genes. Moreover, myogenic differentiation 1 (*myoD*) and myogenin (*myog*) were found to have a correlation with clock genes (Fig. [S5](#MOESM1){ref-type="media"}).

### Feeding and Fasting {#Sec8}

A large number of mRNA transcripts significantly differed between the fasting and feeding stages. The expression data of fasting day 2 and feeding day 2 were compared (Table [S3A--F](#MOESM6){ref-type="media"}; S3A for ZT2, S3B for ZT6, S3C for ZT10, S3D for ZT14, S3E for ZT18, and S3F for ZT22). For instance, 2382 mRNA transcripts that satisfied the criteria of *p-*value \< 0.05 and fold-change ≥ 2.0 were utilised for further analysis. During the feeding stage, 984 and 1398 genes were upregulated and downregulated, respectively, as compared to the fasting stage. The largest differences between the expression levels during the fasting and feeding stages were calcium-binding and coiled-coil domain-containing proteins, which were 131.64 times higher during the fasting stage (Table [S3B](#MOESM7){ref-type="media"}). Uncharacterised proteins were 58.64 times higher during the fasting stage (Table [S3B](#MOESM7){ref-type="media"}), followed by N-lysine methyltransferase SMYD2-A-like, which was 20.36 times higher (Table [S3E](#MOESM10){ref-type="media"}). GO analyses were also performed, focusing on metabolism (Fig. [S7](#MOESM1){ref-type="media"}). For instance, glycolysis-related genes were upregulated from ZT10 to ZT18, and glyconeogenesis-related genes were found only in downregulated groups (Table [S3A-E](#MOESM6){ref-type="media"}). The number of protein metabolic process and nucleobase-containing compound metabolic process genes differed significantly throughout the day. The gene expression levels of fatty accumulation and hormones related to juvenile growth were examined. Adiponectin receptor2 (*adipoR2*), growth hormone receptor b (*ghrb*), thyroid hormone receptor alpha (trα), and thyroid hormone receptor interactor 11(*trip11*) were found to changed during the feeding and fasting (Fig. [S5](#MOESM1){ref-type="media"}).

Metabolomic analysis of leopard coral grouper muscle via NMR {#Sec9}
------------------------------------------------------------

Metabolic profiles were evaluated using an NMR-based metabolomic analysis that examined water-soluble extracts of the leopard coral grouper muscle samples. The annotated metabolites from the samples were characterised using HSQC and HSQC-TOCSY (Fig. [S8A and B](#MOESM1){ref-type="media"}, Table [S5](#MOESM13){ref-type="media"}), and a two-dimensional (2-D)^1^H J-resolved spectroscopy spectrum was used to quantify the metabolites (Fig. [S9](#MOESM1){ref-type="media"}). This method identified the chemical shifts and J-couplings of the metabolite and facilitated metabolite identification and quantification. The 2-D spectrum was simplified and used calculated 1-D projections followed by multivariate analysis.

A total of 407 peak signals were quantified based on their spectral intensities. In particular, the following six distinct high-intensity peaks were observed: lactate (1.34 ppm), creatine (3.02 ppm, 3.92 ppm), trimethylamine oxide (TMAO; 3.25 ppm), taurine (3.41 ppm), and glycine (3.53 ppm). Multivariate analyses were performed to characterise the obtained data, and the dynamics of the metabolite changes were observed using the^1^H J-resolved spectroscopy spectrum. A cluster heat map was constructed to explore complex metabolomic data (Fig. [3A](#Fig3){ref-type="fig"}), and the metabolomic heat map aided in the identification of clusters from the sample sets and the analysis of the metabolite features. The OPLS-DA score plot demonstrated that the metabolic profiles were also likely to cluster based on differences between the feeding and fasting stages (Fig. [3B](#Fig3){ref-type="fig"}). For instance, the feed group is located on the negative side of T score. Moreover, PLS-DA indicated the variation between day and night samples (Fig. [3C](#Fig3){ref-type="fig"}), and the night group is clustered on the positive side of PLS1. The loading plots of OPLS-DA and PLS-DA revealed that metabolites such as inosine, leucine, isoleucine, and inositol monophosphate (IMP) contributed to the discrimination profiles (Fig. [S10A,B](#MOESM1){ref-type="media"}).Figure 3Metabolome analysis by NMR in fish muscle. (**A**) Heat map with hierarchical clustering analysis. Red showed the amount of metabolites was high, on the contrary, blue showed the low levels. (**B**) The result of a discrimination analysis on a nutritional condition by OPLS-DA. Feeding cluster is located on the top left direction. Fasting cluster is located on the bottom right area. (**C**) The discrimination analysis by PLS-DA. Clusters were formed by time dependent manner. Yellow circles show ZT2 cluster, pale green show ZT6 cluster, green show ZT10 cluster, and dark green show night cluster, ZT14-AT22.

Integration analysis of transcriptome and metabolome data {#Sec10}
---------------------------------------------------------

To understand the dynamics of metabolites and mRNA transcripts that varied in a circadian fashion and in response to food intake, a sequential pattern search based on correlation analyses with a teacher dataset was performed using transcriptome and metabolome data (Fig. [4](#Fig4){ref-type="fig"}). The scheme of study was shown in Figure [S2](#MOESM1){ref-type="media"}. These results corroborated the results of the PCA and the discrimination analysis. For example, lactate, malate, fumarate, and IMP exhibited 24-h rhythmicity, and the amounts were highest in the daytime. The symmetric pattern of those metabolites was fructose 6-phosphate (F6P), glucose 6-phosphate (G6P), mannose, and inosine (HxR). The amount of isoleucine, leucine, and valine was high in the fasting, on the other hand, F6P, G6Pand mannose was low in the fasting. With regard to metabolism, genes related to purine metabolism, glutamine metabolism, and carbohydrate metabolism were found (Fig. [S11](#MOESM1){ref-type="media"}--[S13](#MOESM1){ref-type="media"}).Figure 4A schematic chart of glycolysis and tricarboxylic acid cycles. The metabolites and gene expression exhibited the characteristic dynamics is showed in the diagram. Yellow colored gene and metabolites exhibiting circadian fashion and expressed high in the day and morning. Green showed nocturnal fashion. Blue and pink showed the upregulation by fasting and feeding, respectively. Dark colored areas represent night. Numbers within a circle indicated the genes. The detailed gene expression profiles were showed in Figures [S9](#MOESM1){ref-type="media"}--[S11](#MOESM1){ref-type="media"}. Glycogenin synthase 1b (*gyg1b*), glucose-6-phosphate dehydrogenase (*g6p*), glucokinase (*gk*), aldolase (*ald*), phosphate isomerase (*mpi*), malate dehydrogenase (*mdh*), branched chain aminotransferase2 (*bcat2*), branched chain keto acid dehydrogenase (*bckdh*), propionyl-CoA carboxylase (*pcc*), methylmalonyl-CoA mutase (*mcm*), IMP cyclohydrase (*atic*), adenosine kinase b (*adk b*), IMP dehydrogenase 1b (*impdh 1b*) glucose (Glu), glucose-6-phosphate (G6P), fructose 6-phosphate (F6P), mannose-6-phosphate (M6P), mannose (Man), fructose-1,6-biphosphate (F1,6BP), glyceraldehyde-3-phosphate(GAP), 1,3-bisphosphoglycerate (BPG), 3-phosphoglyceric acid (3PG), 2-phosphoglycerate (2PG), phosphoenolpyruvic acid (PEP), pyruvic Acid (PYR), acetyl-CoA (AcCOA), oxaloacetic acid (OAA), 2-oxoglutarate (2-OG), succinyl-CoA (SUC-CoA), succinic acid (SUCC), fumarate (FUM), malate (MAL), L-methylmalonyl CoA (L-MMCoA), R-methylmalonyl CoA (R-MMCoA), propionyl-CoA (PP-CoA), methylmalonate-semialdehyde (MMS), 3-hydroxy-isobutyrate (3HIB), 3-hydroxy-isobutyrate CoA (3HIB CoA), methacrylyl-CoA (MC-CoA), a-ketoisocaproate (KIC), a-ketoisovalerate (KIV), a-keto-s-methylvalerate (KMV), isovaleryl-CoA (IV-CoA), isobutyryl-CoA (IB-CoA), a-methylbutyryl-CoA (MB-CoA), valine (Val), leucine (Leu), isoleucine (Ile), adenosine monophosphate (AMP), adenosine diphosphate (ADP), succinyl AMP (SucAMP), adenosine (AR), adenine (Ade), inosine monophosphate (IMP), Inosine (HxR), hypoxanthine (Hx), xanthosine monophosphate (XMP), guanosine monophosphate (GMP), and 5-form-aminoimidazole-4-carboxamide ribonucleotide (FAICAR).

Discussion {#Sec11}
==========

Transcriptome analyses revealed the protein constitution of coral leopard grouper muscle tissues. Most of the transcripts consisted of myosin, parvalbumin, and actin genes (Table [1](#MOESM1){ref-type="media"}). These three genes accounted for approximately 80% of all transcripts. Myosin is the most essential component of muscle tissue, and the heavy chain subunit of myosin plays an important role in the contraction of muscles using ATP^[@CR21]^. Parvalbumins are the abundant calcium-binding proteins in fast-contracting muscles^[@CR22]^, and actin is a major cytoskeletal protein that is involved in cell motility, structure, and integrity. Moreover, the interaction of actin with myosin results in muscle contractions^[@CR23]^. There have been several studies on transcriptome analysis of teleostean muscle^[@CR24]--[@CR29]^. Our GO analysis results exhibited similar trends to those observed in previous studies^[@CR24]^. For biological processes, the major GO terms were cellular process and metabolic process, although the accurate proportion was not consistent.

With regard to the gene expression of circadian rhythm, PCA can be used to identify fundamental temporal patterns. Regarding the projection of PC2 and PC4, the data were divided into four main categories based on association with day and night (Fig. [2C](#Fig2){ref-type="fig"}). The expression patterns of circadian core genes were initially examined to identify genes whose expression patterns showed 24-h rhythms^[@CR19],\ [@CR30]^. *Per1a*, *per3*, *cry1aa*, *cry1ab*, *cry1ba*, *cry2*, *clocka*, and *cipc* genes showed circadian rhythm (Fig. [S5](#MOESM1){ref-type="media"}). Compared to previous studies on zebrafish and Chinese perch skeletal muscle, *per1b* and *per3* in leopard coral grouper showed the same expression patterns as those in zebrafish; however, the expression levels in perch *per* were higher, at around ZT21. *Clock* expression showed similar, but not identical patterns^[@CR31]^. The expression patterns of *cry* in the present study differed from those of zebrafish^[@CR32]^. These core genes are known to be involved in the perception of time in the pineal gland and central nervous system; however, the present study revealed that these genes are also expressed in skeletal muscle and show circadian patterns. This result indicates that muscle has its own system of recognising 24-h rhythms and that mRNA expression patterns differ among species. Among the core genes, there were no genes whose expression pattern varied according to nutritional condition. Among myosin-related genes, *myoD* showed a 24-h rhythm (Fig. [S5](#MOESM1){ref-type="media"}). The highest expression levels of myogenin and *myoD* occurred at ZT6 and ZT2, respectively. The expression pattern of myogenin was identical to that of zebrafish in a previous study; however, *myoD* expression patterns differed from those in previous studies^[@CR32]^. MyoD and myogenine are known to the myogeninc regulatory factors (MRFs)^[@CR33]^. Murine CLOCK and BMAL1 need to control *MyoD* and keep the phenotype and functions of the skeletal muscle^[@CR34]^.

Correlation-based analyses were performed to find genes exhibiting the same expression patterns as the circadian core genes (Fig. [S5](#MOESM1){ref-type="media"}). Growth hormone secretion has been known to follow circadian patterns^[@CR35]^. Growth hormone genes did not follow a circadian pattern; however, growth hormone receptor exhibited a 24-h pattern. Correlation analysis was applied to identify genes displaying the same circadian pattern as growth hormone receptor. Among the growth hormone-related genes, growth hormone receptor was found to exhibit a circadian pattern. The gene expressions of thyroid hormone receptor a (*trα*) and thyroid hormone receptor interactor 11(*trip11*) were upregulated by fasting. Hormones on the hypothalamic--pituitary--thyroid axis (HPT axis) play important roles in growth and metabolism^[@CR36]^. In skeletal muscle, the thyroid hormone receptor α gene has been reported to be more highly expressed than β^[@CR37]^. It was predicted that *trip11* would interact with *trα*, as the dynamics patterns of those two genes are similar. Adiponectin receptor 2 (*adipoR2*) showed the same expression pattern, and its expression levels were high during the night (Fig. [S5](#MOESM1){ref-type="media"}). Adiponectin and its receptors are important substances in controlling the amount of body fat^[@CR38]^. In leopard coral grouper muscle, three kinds of adiponectin receptor were found. The expression levels of muscular adiponectin receptor were low, particularly for 1a and 1b. These results were different from those found in other species^[@CR39]^.

The results of metabolome analysis via NMR were used in subsequent multivariate analysis. In circadian rhythm, PLS-DA was conducted to find the metabolites of characteristic contributors (Fig. [3C](#Fig3){ref-type="fig"}). Samples were divided into four groups (ZT2, ZT6, ZT10, and ZT14-22 \[night\]). The results of the loading plot analysis suggested that inosine (HxR) was a contributor to the positive side of Comp1 and characterised the night group (Fig. [S10B](#MOESM1){ref-type="media"}). The biggest factor that separated the morning group was located on the negative side of PLS1, and the results of the loading plot analysis revealed that IMP, which was high in the morning, was a dominant contributor. A similar dynamic pattern was observed in the zebrafish brain^[@CR40]^. IMP and inosine are ATP-related compounds that are important components of the energy production process, and IMP is generated by removal of the amine group from AMP^[@CR41]^. Inosine is generated by the deamination of adenosine or via the reaction between 5′-nucleotidase and IMP. Nucleotidase is a hydrolytic enzyme that aids in the conversion of IMP to inosine. Although many kinds of nucleotidase genes were found, they exhibited different expression tendencies. On the negative side of PLS1, the morning (ZT2) and evening (ZT6-10) groups were discriminated by the degree of PLS3 (Fig. [3](#Fig3){ref-type="fig"}). The results of the loading plot analysis found that malate, fumarate, and lactate, which are associated with TCA cycle and glycolysis^[@CR42],\ [@CR43]^, were contributors. These three substances were high in the evening and low at night. The dynamic pattern analysis, based on correlation tests, revealed that lactate, malate, and fumarate were associated with diurnal 24-h rhythmicity pattern. Lactate in the muscle exhibited the same dynamics pattern as the zebrafish^[@CR40]^. In medaka liver, the amount of malate and fumarate decreased in night time^[@CR44]^. TCA cycle and glycolysis is a major pathway for the generation of ATP, which is thought to be consumed during the day than at night. On the other hand, inosine, mannose, G6P, and F6P displayed nocturnal 24-h rhythmicity, and mannose, G6P, and F6P are also intermediate products of ATP generation pathways. It has been reported that glucose-related compounds are affected by genes associated with circadian rhythms^[@CR45]^. Regarding mRNA transcripts, glycogenin was found to have nocturnal 24-h rhythmicity. The level of ATP consumption is low at night, so excess amounts of sugar are thought to be converted to the glycogen storage form via the use of glycogenin. Moreover, mannose is utilised during glycolysis, and G6P and F6P are intermediate products of glycolysis^[@CR46]^. The ATP consumption rate was slow during the night, so the intermediate products accumulated as the reaction speed of the TCA cycle decreased.

Regarding the gene expression in fasting and feeding, the projection of PC1 and PC3 of the PCA analysis indicated a temporal pattern associated with feed intake (Fig. [2B](#Fig2){ref-type="fig"}), and the nutrient depletion group was located on the positive side of PC1. Specific mRNA expression patterns were also detected from the heat map (Fig. [2A](#Fig2){ref-type="fig"}), and the expression pattern of Cluster 1 was low on Day 2 during nutrient depletion. On the other hand, Clusters 2 and 3 were high on Day 2 during nutrient depletion. Compared to Cluster 2, the time of increased expression was earlier in Cluster 3. Moreover, genes in the three clusters were subjected to gene ontology analysis (Fig. [S3](#MOESM1){ref-type="media"}). Regarding the biological processes, the component (in the metabolic category) proportion varied among the three clusters. The number of monosaccharide-related genes increased in Cluster 1, but the number of polysaccharide-related genes decreased (data not shown). Polysaccharide is the sugar form that is present before digestion, and is used as source of energy. The number of polysaccharide-related genes was reduced in response to the fasting stage, which suggests that the polysaccharides derived from feed are already digested during the fasting period. Regarding the protein metabolic process, proteolysis increased during the fasting stage, and this suggests that amino acids were produced from protein during the fasting stage (data not shown). These amino acids are thought to be used for energy production. Furthermore, the mRNA expression levels from experiment Day 2 (the second fasting day) and Day 4 (the second feeding day) were compared for every sampling point, and GO analysis was performed focused on metabolic process (Fig. [S7](#MOESM1){ref-type="media"}). Gluconeogenesis-related genes were only observed in the downregulated group (Feed \<Fast), which implies that gluconeogenesis actively occurred during fasting in order to generate energy. It is well known that glucose is synthesised from non-carbohydrate substances to generate energy in teleostean skeletal muscle^[@CR47]^. Furthermore, several glycolysis-related genes were upregulated, suggesting that energy was generated from glucose derived from feeding. Feeding and fasting studies in fish muscle have been reported^[@CR28],\ [@CR29],\ [@CR48],\ [@CR49]^. The levels of parvalbumin were higher for feeding than fasting. This result showed a similar trend to that observed for sea bream^[@CR48]^. However, the expression levels of GAPDH showed no change during the experiment. The expression of slow myosin heavy chain 2 has been reported to be high in fasting^[@CR48]^; however, our study did not show the same trend as a previous study. We focused on very short-term fasting; therefore, the period of fasting was 2 d. One of the possible explanations for differences in results is the fasting period. The gene expression of adiponectin was higher for fasting than feeding, as in previous studies^[@CR28]^.

The results of metabolome analysis via NMR were used in subsequent multivariate analysis. OPLS-DA discriminated the feeding from fasting stages (Fig. [3B](#Fig3){ref-type="fig"}), and PC1 yielded an adequate, but not perfect, separation of the feeding from fasting stages. The separation factor was thought to be inosine, which was located on the negative side of the P1 matrix, because inosine is an ATP-derived product. The amount of inosine increases with the degradation of muscle cells^[@CR50]^. Frozen muscle samples were stored for two months, so these results were likely affected by cryogenic preservation. However, a substrate is required for chemical reactions associated with cell degradation. The amount of ATP, the energy-generating purine nucleotide and the source of inosine, is thought to be high during feeding as compared to fasting. On the other hand, leucine and isoleucine appeared to contribute to the positive side of P\[1\] (Fig. [S10A](#MOESM1){ref-type="media"}). Leucine and isoleucine are metabolised in the skeletal muscle^[@CR51]^, and the amounts of these substances tended to increase on the second day of fasting. Moreover, leucine and isoleucine are utilised as an energy source under energy depletion conditions^[@CR52],\ [@CR53]^, so these substances are a potential source of energy during fasting.

Integrative analysis of the metabolome and transcriptome data indicated the presence of metabolites and genes related to circadian rhythms and feeding. Regarding circadian rhythms, lactate, malate, and fumarate showed diurnal circadian profiles, and mannose, G6P, F6P, and inosine exhibited nocturnal circadian profiles (Fig. [4](#Fig4){ref-type="fig"}). During fasting, the amounts of leucine and isoleucine, which are known as ketogenic amino acids, increased (Fig. [4](#Fig4){ref-type="fig"}). These amino acids were contained in fish feed (Fig. [S14](#MOESM1){ref-type="media"}). Amino acid derived from feed is thought to be utilized during feeding. On the other hand, amino acid derived from muscular protein degradation is thought to be utilized during fasting. A similar phenomenon occurs in fish brains in that ketone bodies increase during fasting^[@CR54]^. However, the gene expression levels of the branched-chain amino acid (BCAA) metabolic pathway decreased during fasting. Further studies would be needed to clarify the mechanisms. Of the purine metabolism, the dynamics of inosine(HxR) and IMP showed contrary patterns. IMP dehydrogenase 1b gene expression exhibited circadian rhythm, and its expression levels were high in the daytime (Fig. [4](#Fig4){ref-type="fig"}). IMP dehydrogenase is the enzyme that converts IMP to XMP, and its expression is known to be displayed in a circadian fashion. Zebrafish embryos expressed three kinds of IMP dehydrogenase; 1a, 1b, and 2, and all showed 24-h rhythms^[@CR40]^. In leopard coral grouper muscle, IMP dehydrogenase 1a exhibited almost no expression, and IMP dehydrogenase 2 did not show a circadian pattern (Fig. [S13](#MOESM1){ref-type="media"}). Adenosine kinase and GMP reductase also displayed in a circadian fashion. Those were predicted that the levels of gene expression would increase as the amount of IMP increased. On the other hand, the expression levels of the 5′-nucleotidase, cytosolic IAa gene were high during the night. 5ʹ-nucleotidase is the enzyme that produces inosine from IMP, and six kinds of these genes exist. In mammalian liver, 5′-nucleotidase has been known to exhibit circadian patterns^[@CR55]^. In this study, only the 5′-nucleotidase, cytosolic IAa gene showed a circadian expression pattern, and the levels of expression increased during feeding as compared to fasting. In the TCA cycle and glycolysis, four kinds of aldolase genes were expressed. Only the aldolase C, fructose-bisphosphate b gene showed a nocturnal expression pattern. The expression pattern of aldolase is known to exhibit a circadian rhythm; however, the peak expression times were different from those in mammalian liver^[@CR56]^. The amount of malate varied in a circadian fashion and was high at ZT10 in this study. In the muscle, four kinds of malate dehydrogenase were expressed. The dynamics of malate dehydrogenases and their relationship with NADH in muscle have been previously reported^[@CR57]^. Malate dehydrogenase 2 was the most abundant in the present study. Malate dehydrogenase 1Aa, NAD (soluble) was found to exhibit a circadian pattern, and the expression levels were high at ZT10. This expression pattern corresponded to that of the metabolite. Moreover, the expression levels were low during nutritional depletion. The levels of isocitrate dehydrogenase 3 (NAD+) beta and gamma gene expression were low during fasting. Mammalian isocitrate dehydrogenase has been known to alter its expression based on nutritional conditions^[@CR58]^.

In the present study, we profiled the gene expression and metabolites associated with food depletion and circadian rhythms in fish muscle tissues. The transcriptomes of 19,737 genes and metabolomes of 407 peaks were analysed. This comprehensive study of the energy production pathway provides novel and fundamental metabolic information for the leopard coral grouper. This information contains not only the metabolic pathways of amino acids and carbohydrates, but also those of hormonal control and its related genes. Currently, excess amount of feed causes the accumulation of fat in the muscle and viscera. Improvement in aquaculture technology is needed with regard to feed efficiency and metabolic control. Our result would help finding out the efficient time and the amount of feeding, and the best composition of feed ingredient. For example, by comparing feed condition with fasted condition, we could know which substances are derived from feed and which substances can be absorbed and utilized. From circadian data, we could know when the best time to intake the specific nutrition is. Our obtained fundamental data would give us hints for the feeding improvements.

Methods {#Sec12}
=======

Fish and sampling {#Sec13}
-----------------

Hatchery-reared leopard coral groupers (approximately 60 g) were maintained in 60 kL tanks (11.1 kg/m^2^) in a flow-through system at the Yaeyama Laboratory, Seikai National Fisheries Research Institute, Fisheries Research Agency. The water temperature ranged from 21.5 to 22.6 °C, the water pH ranged from 7.2 to 8, the salinity of seawater was 35--37%, and the facility was illuminated by sunlight with a natural photoperiod (11 L:13 D) during the winter. Before experiment, fish were fed twice a day (ZT2 and ZT10) to satiation. The fish were fasted for the first two days of the experiment, and were then fed (ZT2 and ZT10) to satiation for the next two experimental days. The amount of feed was about 1.5% of the body weight. Nutrition facts of fish feed are: protein (more than 46.0%), fat (more than 10.0%), carbohydrate (less than 15.0%), fiber (less than 2.5%), calcium (more than 2.0%), phosphorus (more than 1.0%). The concentration of dissolved oxygen was 6.0--7.5 mg/L. The concentration of ammonia was 0.1 mg/L in fasting period and 0.4--0.5 mg/L after feeding. Three to twelve fish were sampled individually in each time point. Samples were collected every 4 h, with the exception of the evenings of Day 1 and Day 3. Fish were anesthetised with 0.2% 2-phenoxyethanol (Wako, Osaka, Japan) prior to sampling. It took about 10--15 min from anesthetized to frozen. All experiments were conducted according to principles and procedures approved by the guidelines for the care and use of live fish at National Research Institute of Fisheries Science and RIKEN.

RNA extraction {#Sec14}
--------------

Muscle tissues were dissected from the fish after anaesthesia was administered, and the samples were immersed and maintained in RNA stabilisation solution (RNA-later, Thermo Fisher Scientific, Waltham, MA, USA). Total RNA was extracted using the RNeasy Lipid Tissue Mini Kit (Qiagen GmbH, Hilden, Germany), according to the manufacturer's protocol. RNA quality was evaluated based on the proportion of rRNA using an Agilent 2100 Bioanalyzer RNA 6000 Nano Kit (Agilent Technologies, Palo Alto, CA, USA).

cDNA library construction and sequencing {#Sec15}
----------------------------------------

Total RNA (500 ng) was processed using the SureSelect Strand Specific RNA Library Kit (Agilent). cDNA libraries were constructed with barcodes to enable the multiplexing of pools, and libraries were sequenced using an Illumina Nextseq platform equipped with a 75 bp single-end module.

Illumina read assembly and transcriptome profiling {#Sec16}
--------------------------------------------------

Sequencing and multi-index adaptors were trimmed from the sequenced raw reads. Low-quality sequences were then removed and *de novo* assembly performed using CLC Genomics Workbench 8.1. Removal of low quality sequence parameter (limit) was 0.05, and removal of ambiguous nucleotides was 2 (maximal 2 nucleotides allowed). The generated contigs were analysed using the BLAST program, which compared the sequences to the zebrafish Ensembl protein database (<http://www.ensembl.org/>). Contigs were sorted by corresponding Ensembl IDs, and representative sequences were selected based on the highest e-value, because the same Ensembl ID was associated with more than one contig. The selected sequences were used as references for the read mapping analysis that was performed using CLC Genomics Workbench 8.1, and the results were expressed as reads per kilobase of exon model per million mapped reads (RPKM)^[@CR59]^. Quantitative PCR validation by selected genes from the Figure [S5](#MOESM1){ref-type="media"} was performed. Gene ontology annotation and analyses were conducted using Panther software (<http://www.pantherdb.org/>).

Quantitative PCR {#Sec17}
----------------

Genomic DNA was eliminated from total RNA by TURBO DNA-free™ Kit (Thermo Fisher Scientific, Waltham, MA). First-strand cDNA was synthesized from 1 μg of total RNA using the SuperScript™ III First-Strand Synthesis System (Thermo Fisher Scientific) with random hexamers. The PCR reaction mixture consisted of each primer pair (0.2 μM) and GoTaq® qPCR Master Mix (Promega, Madison, WI). Primer sequences and annealing temperature are shown in Supplemental Table [S5](#MOESM13){ref-type="media"}. Data were analyzed using the Thermal Cycler Dice® TP800 (Takara, Shiga, Japan) and Thermal Cycler Dice® Real Time System Software Ver.5.11. Dissociation curve analysis was performed to ensure only a single peak was amplified. The expression levels of mRNA were normalized to EF1α in respective samples. Data were expressed Z-score and means ± SEM.

Statistics {#Sec18}
----------

Statistical analyses were conducted using the DGE test, and differences at *p* \< 0.05 were considered significant. All analyses were conducted using CLC Genomics Workbench 8.1. Transcriptomic data were analysed by a principal component analysis (PCA) using R software. The data were visualized in the form of the PCA score plots. For qPCR, Statistical differences were determined by one‐way analysis of variance (ANOVA), followed by the Tukey's test. Differences at P \< 0.05 were considered significant. All analyses were performed by a computer program, Prism (GraphPad Software, San Diego, CA).

NMR spectroscopy {#Sec19}
----------------

Tissue samples were stored at −80 °C immediately after dissection. Sample were then shipped and stored at −20°C until NMR measurement. Samples were soaked into liquid nitrogen followed by lyophilized for sample preparation. Subsequently sample preparation for high-resolution^1^H NMR spectroscopy was conducted as previously described^[@CR13]--[@CR15]^. Briefly, 600 μL of D~2~O/KPi (100 mM, pH 7.0) was added to 18 mg of milled muscle tissue samples, and metabolite mixtures were extracted via shaking at 338 K for 15 min. The high-resolution^1^H NMR spectra were recorded with an AVANCE II-700 Spectrometer (Bruker, Billerica, MA, USA) equipped with an inverse triple-resonance cryogenic probe with a Z-axis gradient for 5-mm sample diameters that operated at 700.03 MHz for^1^H. All NMR samples were maintained at 298 K. The chemical shifts were referenced based on the methyl groups of 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS, 0.00/0.00 ppm \[δ~13C~/δ~1H~\]). 1D-^1^H, 2D-Jres,^1^H-^13^C-HSQC, and^1^H-^13^C-HSQC-TOCSY experiments were employed for signal assignment. The annotations and assignments of metabolites detected in the NMR spectra analysis were performed using the SpinAssign program found on the PRIMe website (<http://prime.psc.riken.jp/>)^[@CR60]^, the web-based SpinCouple tool (http://emar.riken.jp/spincpl)^[@CR61]^, and the Human Metabolome Database (<http://www.hmdb.ca/>)^[@CR62]^.

Data processing and analysis {#Sec20}
----------------------------

2D-Jres NMR spectra were processed by TopSpin software (Bruker Biospin, Rheinstetten, Germany). Tilt correction and symmetrisation was performed and the projection of the 2D spectrum obtained. Next, 407 regions of interest (ROI) were manually defined using Revolution R Open software^[@CR63]--[@CR65]^. Projection spectra in ROI were then converted to numeric data and normalised. Metabolomic data was analysed by a projection to a latent structure-discriminant analysis (PLS-DA) and orthogonal PLS-DA (OPLS-DA) using R software as previously described^[@CR66]--[@CR68]^. The data were visualised as score plots and loading plots. Correlation test were performed with R software. Positive and negative correlated gene and metabolites with four teacher pattern were found. Four kinds of teacher datasets were: high in the daytime and night-time (pattern 1), low in the fasting (pattern 2), gradually decrease and increase (pattern 3), acute responding to feeding (pattern 4) (Fig. [S2](#MOESM1){ref-type="media"}).
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